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A significant fraction of pp collisions at the LHC will involve (quasi-real) photon interactions occurring at energies 
well beyond the electroweak energy scale. Hence, the LHC can to some extend be considered as a high-energy 
photon-photon or photon-proton collider. This offers a unique possibility for novel and complementary research 
where the available effective luminosity is small, relative to parton-parton interactions, but it is compensated by 
better known initial conditions and usually simpler final states. This is in a way a method for approaching some 
of the issues to be addressed by the future lepton collider. Such studies of photon interactions are possible at 
the LHC, thanks to the striking experimental signatures of events involving photon exchanges, in particular the 
presence of very forward scattered protons. 
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Photon-induced processes, and in particular 
the two-photon production, have not been so far 
a subject of intense research at proton colliders. 
In 1973 the measurement of two-photon exclusive 
production of lepton pairs, pp — > pl'^l~p, at the 
CERN Intersecting Storage Ring was proposed 
as means of a precise, absolute luminosity mea- 
surement |lj. It did not materialize then, since 
at the ISR energies it required detection of lep- 
tons at very small transverse momenta to obtain 
significant event statistics. Eventually, first such 
events have been observed at much higher ener- 
gies, in pp collisions at Tevatron [^ and in ion-ion 
collisions at RHIC |3I4| . with a little background 
and very striking signature - only two opposite 
charge tracks, identified as muons or electrons, 
without any other activity in the central detec- 
tors. Two tracks are back-to-back to an unusual 
degree, and have very little total transverse mo- 
mentum. These two features are very characteris- 
tic of the two-photon production, due to the very 
small photon virtualities involved. On the one 
hand, it results in very forward scattering of inci- 
dent protons, almost at zero-degree angle, on the 
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other hand the dilepton system is produced by 
almost exact head-on collisions of quasi-real pho- 
tons. Recently, the dilepton exclusive production 
in pp collisions has been proposed to measure ab- 
solute LHC luminosity [5I6I7J . This has been dis- 
cussed also in the context of ion collisions at the 
LHC [8] , as well as of new dedicated detectors ca- 
pable to measure leptons at small transverse mo- 
menta [9. . Corrections due to the strong interac- 
tions have been studied in detail and were found 
to be negligible, therefore the QED calculation of 
the cross section should give sufficient accuracy 
[7]. These features make this process a perfect 
calibration candle for the two-photon processes at 
the LHC, and the CDF measurement can be re- 
garded as a proof-of-principle experiment for pho- 
ton physics at hadron colliders. 

When the invariant mass of the system X pro- 
duced in the two photon process, pp -^ pXp (see 
Fig. 1), is not too small, one can factorize the 
amplitudes for the two photon exchanges and for 
the photon interaction, 77 — > X. This allows for 
introducing equivalent photon fluxes, which play 
similar role to the parton density functions for 
the hadron interactions. This is the basis of the 
Equivalent Photon Approximation (EPA), which 
allows the calculation of the proton cross-section 
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as a product of the photon cross-section and two 
equivalent photon fluxes K)J . Thanks to the huge 
center-of-mass energy at the LHC, y/s — 14 TeV 
the photon fluxes are significant at large ener- 
gies, well above 100 GeV, and drop with energy 
approximately like 1/x, where x = E^/ Ep is the 
fraction of the incident proton energy carried by 
the exchanged photon. 




Figure 1. Generic diagram for the two-photon ex- 
clusive production, pp -^ pXp, at the LHC. Two 
incoming protons are scattered quasi-elastically 
at very small angles, and the produced system X 
can be detected in the central detectors. 



In elastic proton scattering, when the proton 
survives the photon exchange, the virtuality Q^ 
of the exchanged photon is limited from below by 
a kinematical limit, Q^j„ ~ Mpx'^ /{1 — x), where 
Mp is the proton mass. The maximal photon vir- 
tuality is then due to the presence of the pro- 
ton electromagnetic form factor, and of the flnite 
spatial distribution of the proton charge, which 
cuts off completely the equivalent photon flux 
above Q^ = 1 — 2 GeV^. The photon flux drops 
with virtuality approximately like 1/Q^, therefore 
for small x the photon virtuality is on average 
very small, and one can usually treat these sub- 
processes as due to quasi-real photon collisions. 
This might be not true for inelastic production 
when at least one of the two incident protons dis- 
sociates into a low mass statqj. Both minimal 



and maximal photon virtualities are much higher 
than for the elastic case at the same energy. 

The photon-photon center-of-mass energy W^^ 
is approximately given by W^^ = X1X2S, and 
assuming the EPA one can introduce the two- 
photon luminosity spectrum in W^-y, defined as 
a convolution of the two photon fluxes (inte- 
grated over Q^) for fixed W^-y. Such a luminosity 
spectrum drops approximately hke l/W"^^, and 
its inelastic part is about two times bigger than 
the elastic one [11]. By integrating the luminos- 
ity spectrum above some minimal center-of-mass 
energy, one can introduce the relative photon- 
photon luminosity L^^. Effectively, L^^ gives a 
fraction of the proton-proton luminosity which is 
available for 77 collisions, and is especially useful 
if a given photon-photon cross-section is approxi- 
mately constant as a function of W^^ . For exam- 
ple, the elastic relative photon-photon luminosity 
at the LHC is equal to 1% for Wq = 23 GeV (i.e. 
for W^^ > 23 GeV), and 0.1% for Wo = 225 GeV 
ri2] . Given the very large LHC luminosity, this 
leads to significant event rates of high-energy pro- 
cesses with relatively small photon-photon cross 
sections. 

This is even more true for the photon-proton in- 
teractions at the LHC, where both energy reach 
and effective luminosities are much higher than 
for the photon- photon case [13]. The high lu- 
minosity and the high c.m.s. energy of photo- 
production processes offer interesting possibilities 
for the study of electroweak interaction and for 
searches beyond the Standard Model (SM) up to 
TeV scale. For example, one can extend stud- 
ies at HERA of the single W boson photopro- 
duction, or of the searches of anomalous Flavor 
Changing Neutral Current top quark couplings, 
to much higher energies [12j . effectively convert- 
ing the LHC into a super-HERA collider for this 
class of processes. Some of the photoproduction 
cross-section are so large that become a signif- 
icant part of the total inclusive cross-section at 
the LHC. For example, the associated photopro- 
duction of WH is about 5% of the total inclusive 



^One can consider also quarks as sources of the photons, 



but this involves yet higher photon virtualities, resulting in 
much smaller equivalent fluxes. In addition, the striking 
signature of lack of the proton remnants in the central 
detectors is then missing. 
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cross-section for pp — > WHX at the LHC [H] ! 
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Figure 2. Luminosity spectra including sup- 
pression due to the rescattering, for the ex- 
clusive photon-photon collisions (dashed-dotted 
line) and for the central exclusive diffraction 
(solid line) at central rapidity {y = 0) at the LHC 
[l4j ; M is the invariant mass of the centrally pro- 
duced system X. Other curves show the corre- 
sponding spectra for the inclusive diffraction. 



One needs however to consider corrections be- 
yond the EPA due to a possibility of strong inter- 
actions between protons, or the so-called rescat- 
tering effects. The resulting suppression, or the 
non 100% probability of proton survival, of the 
cross sections weakly depends on the invariant 
mass of the exclusively produced state X. For 
the production of pairs of massive particles, as 
pp — > pWWp, the proton survival probability is 
estimated to be about 85% [H]. In photopro- 
duction, the proton survival probability is still 
high, though in general is slightly lower than in 



the photon-photon case. For example, it is about 
70% for the single W boson photoproduction [TS] . 
In fact, the measurements of photon- induced pro- 
cesses were proposed for verification of the models 
describing such soft, non-perturbative strong in- 
teractions, which occur at large impact parameter 
in pp collisions [15 . 

In addition, one should discuss the potentially 
dangerous background due to the central exclu- 
sive diffraction (CED). In Fig. 2, the elastic 
photon-photon luminosity is compared to the lu- 
minosity of the CED, both including the pro- 
ton survival probability [I4j . The proton survival 
probability is in general much smaller in diffrac- 
tion due to smaller impact parameters involved, 
or in other words due to smaller range of gluon 
exchanges with respect to the photon ones. Plots 
in Fig. 2 show that for the invariant masses of 
the produced system above 200 GeV the 77 lu- 
minosity takes over, so the systems exclusively 
produced at the LHC and of the largest invariant 
mass are due to photon-induced interactions. It 
means also that the CED is heavily suppressed for 
production of massive non strongly-interacting 
particles and can be safely neglected. For exam- 
ple, the gluon mediated exclusive production of 
W boson pairs, is about 100 times smaller than 
the two-photon production at the LHC [16]. 

In general, the exclusive two-photon produc- 
tion, pp — > pXp, provides clean experimental con- 
ditions, and well defined final states can be then 
selected, and precisely reconstructed. Moreover, 
detection of the final state protons, scattered at 
almost zero-degree angle, in the dedicated very 
forward detectors (VFDs), provides another strik- 
ing signature, effective also at high luminosity 
and with large event pile- up [11117] . A set of 
VFDs at 220 m or 420 m from the LHC inter- 
action points will be capable of tagging photon 
interactions within the wide photon energy range 



of 20 GeV < E^ < 900 GeV 



In addition. 



the photon energies can be then well measured 
with 1-5% relative resolution and used for the 
event kinematics reconstruction [11|17|18] . The 
transverse momenta of the scattered protons, or 
equivalently the photon virtualities, are more dif- 
ficult to measure, but providing the high reso- 
lution VFDs and precise detector alignment the 
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absolute p-r resolution of about 0.3 GeV/c could 
be achieved [18 ■ This then allows for some addi- 
tional control of the diffractive background, which 
in general results in proton scattering at larger px 
[6]. As was mentioned, the photon tagging allow 
to suppress very effectively, the inclusive back- 
grounds, in particular it is true for double tag- 
ging of the exclusive two-photon processes, which 
is equivalent to a triple coincidence - the detec- 
tion in the same beam crossing of the system 
X in the central detectors and of two protons 
scattered in opposite directions. This technique 
should be effective even at the highest LHC lumi- 
nosity [17] ■ In addition, special picosecond res- 
olution time-of-flight detectors are proposed to 
provide yet another, direct control and suppres- 
sion of the backgrounds due to accidental coin- 
cidences [17]. This is based on measuring the 
longitudinal position of event vertex using the z- 
by-timing technique, and comparing it with the 
event vertex z-position as determined by the cen- 
tral detectoro Finally, measurements of the for- 
ward proton scattering angles provide offers also 
a unique possibility for determination of the CP 
parity of the produced system X by measuring 
the azimuthal asymmetry of the outgoing pro- 
tons, especially interesting in case of observation 
of new states, beyond the SM [20] , 

In the center of interest in the high energy two- 
photon interactions at the LHC lies, very natu- 
rally, the exclusive production of non strongly- 
interacting pairs of charged particles. It has been 
proposed as a possible, novel and original way 
of detecting supersymmetric charginos, sleptons 
and the charged Higgs bosons ^21]. But is is also 
an excellent test-ground for the SM, in particu- 
lar in the case of the two-photon W boson pair 
production [22123] . Detection of new, massive 
and quasi-stable charged particles, as predicted 
in some variants of supersymmetry |24j . is very 
unambiguos in two-photon exclusive production. 



allowing for clear interpretation. Assuming the 
possibility of measuring such events at the highest 
luminosity and negligible backgrounds, this type 
of search for new states could reach sensitivity to 
very interesting masses up to 250-300 GeV. 

Finally, photon physics can be studied also in 
ion collisions at the LHC, where the lower ion lu- 
minosities are largely compensated by the high 
photon fluxes due to the Z^ enhancement (for 
each nucleus), where Z is the ion charge. For 
example, the two-photon exclusive production of 
the SM Higgs boson in ion collisions was consid- 
ered as a discovery channel for a very light H 
[^ . However, for the mass of the exclusively 
produced system above 100 GeV, the coherent 
enhancement is not effective - the exchanged pho- 
tons prefer to couple to protons in an ion rather 
than to the total ion charge Z. It means that 
at the not too high energy, where the strong 
electromagnetic enhancement is still effective one 
can profit from an improved significantly signal- 
to-background ratio. This allows for studies of 
wide range of processes and new phenomena, in- 
volving in particular high parton density, nuclear 
and strong field effects [55]. Finally, it is worth 
adding, that in ion collisions, though in more lim- 
ited range, the proton (and/or neutron) forward 
tagging technique can also be applied at the LHC. 

In summary, the photon-induced processes of- 
fer a rich and exciting field of research at the 
LHC. It shoud provide complementary and in- 
teresting results for tests of the Standard Model 
as well as for search of New Physics. One cannot 
afford to miss it - on the contrary, dedicated for- 
ward detectors should be installed if one wants to 
get out the best of the LHC. 
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^It should be noted that for the two-photon events this 
can be done using the time difference of the two forward 
scattered protons. For photoproduction it requires a very 
good timing for central detectors. As was shown in Ref. 
1191 . for example, a 100 ps timing resolution of the central 
calorimeters would bring significant suppression of acci- 
dental overlay events. 
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